Lectin, is a protein existing in plants, bacteria and animals. It is known that it contributes to cell control, the aggregation of cell and the formation of organization. Lectin has a property that combines with a sugar residue having a specific structure. The lectin-sugar interaction is related to the membrane receptors of neurotransmitters, hormones and growth factors. [1] [2] [3] Lectin is also important in medical and clinical fields. 4, 5 Therefore, a number of studies concerning the binding between lectin and sugar have been reported. For example, the sugar-binding sites of lectin were determined by affinity chromatography. 6 The affinity constant of lectin-sugar binding was measured by capillary electrophoresis.
Introduction
Lectin, is a protein existing in plants, bacteria and animals. It is known that it contributes to cell control, the aggregation of cell and the formation of organization. Lectin has a property that combines with a sugar residue having a specific structure. The lectin-sugar interaction is related to the membrane receptors of neurotransmitters, hormones and growth factors. [1] [2] [3] Lectin is also important in medical and clinical fields. 4, 5 Therefore, a number of studies concerning the binding between lectin and sugar have been reported. For example, the sugar-binding sites of lectin were determined by affinity chromatography. 6 The affinity constant of lectin-sugar binding was measured by capillary electrophoresis. 7 Investigations on the domain of carbohydrate for recognition and the structure of lectin by NMR were also attempted. 8, 9 On the other hand, more sensitive and selective methods are needed to understand the function of the lectin in living bodies and to explain the interaction between lectin and sugar in detail. At present, solid-phase assay with an enzyme, 10 method using the avidin-biotin interaction, 11 immunofluorometry 12 and electrophoresis 13 are shown to be useful probes. Although these procedures are sufficient in sensitivity, the separation step contained in them is complicated.
Accordingly, the development of a procedure without any separation step is desired. We have already reported a useful electrochemical method used to evaluate the avidin-biotin interaction. It is an advantage of this method that the separation of a free biotin from a bound one is not necessary. [14] [15] [16] This procedure will be useful for a rapid evaluation of the concentration of the lectinsugar binding. Based on this background, study that evaluated the lectin-sugar binding by an electrochemical method was first developed by us. In a previous study, a soybean agglutinin (SBA)-galactosamine interaction was reported. 17 The procedure was as follows.
Galactosamine and an electroactive daunomycin were combined with a cross-linking reagent (ethylene glyco bis sulfosuccinimidylsuccinate). A sensitive voltammetric measurement was achieved owing to the strong adsorption of daunomycin and a spacer on the electrode. When a part of daunomycin is taken to the binding sites on the basis of the SBA-sugar interaction, the electrode response of daunomycin decreases. Thus, the interaction was evaluated from the change of the electrode response. Generally, it is expected that the peak of the labeled sugar disappears with a sufficient amount of lectin. However, the peak current of daunomycin did not become zero, even if a sufficient amount of lectin that combines to all of the labeled sugar existed. The reason may be that the electroactive part is not perfectly covered with binding sites of the lectin. Consequently, the length of the alkyl chain between sugar and the electroactive part (spacer) for lectin-sugar binding should be investigated.
In this study, labeled sugar in which the length of the spacer was shorter was prepared, compared to a labeled sugar used in our previous work. 17 The reaction of a Schiff base between the carbonyl group of the sugar and the amino group of daunomycin was used to prepare a new labeled sugar. This labeled sugar does not need a special spacer, and the preparation is convenient. The labeled sugars adopted in this work are galactose and lactose, which combine with SBA. The voltammetric detection of soybean agglutinin (SBA) was investigated on the basis of an interaction between the lectin and a sugar. Because galactose and lactose combined with SBA, the sugars were labeled by a Schiff base with an electroactive daunomycin. After the labeled sugar and SBA were mixed, measurements were carried out by voltammetry. When SBA-sugar binding occurs, a part of daunomycin of the labeled sugar is taken to the binding sites. As a result, SBA is detected by a change in the peak current of daunomycin, and the SBA-sugar interaction is evaluated. The length of the alkyl chain between daunomycin and the sugar was also considered. The electrode response to the concentration of SBA was linear over the range of 0.04 -0.8 µg ml -1 . The merits of this procedure are the convenient preparation of labeled sugar and a rapid measurement without separation. On the other hand, the detection of sugar at the 10 -9 mol dm -3 level was achieved by a competitive reaction to limited binding sites of the lectin between the sugar and the labeled sugar.
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voltammetric behaviors of the labeled sugars to the SBA-sugar binding were investigated, and the effect of the spacer was considered. Furthermore, the behaviors of these labeled sugars were compared with the behavior of the labeled mannose that is not bound with SBA. The detection of sugar was also attempted, using a competitive reaction to limited binding sites of SBA between the labeled sugar and the sugar.
Experimental
Reagents Soybean agglutinin (SBA), wheat germ agglutinin (WGA), peanut agglutinin (PNA) and concanavalin A (Con A) were purchased from Sigma. D-Galactose, lactose and mannose were from Tokyo Chemical Industry Co., Ltd., Japan. Daunomycin was supplied by Sigma and Wako Pure Industries, Japan. The reagents were dissolved in 0.1 mol dm -3 phosphate buffer (pH 7.0) with 0.1 mol dm -3 KH2PO4 and 0.1 mol dm -3 NaOH. The buffer was used as an incubation solution and as a supporting electrolyte in an electrochemical measurement. High-quality nitrogen gas was used for deaeration. All reagents were of analytical reagent grade.
Apparatus
A CV-50W voltammetric analyzer (Bioanalytical Systems Inc. (BAS), USA) was used for all voltammetric measurements. The pH of the buffer solutions was measured with a Horiba D-13 pH-meter. Visible spectra of daunomycin and the labeled sugar were carried out with a UV-2400 (PC) SGLP (Shimadzu Co., Japan).
Electrode
A glassy carbon electrode (Model No. 11-2012, 3.0 mm diameter, BAS) was used as the working electrode. In each measurement, the electrode was washed in ethanol and 0.1 mol dm -3 nitric acid for 5 min, and the electrode was polished sequentially with 0.3 and 0.05 µm alumina. A platinum wire as a counter electrode was used, and an Ag/AgCl electrode (Model No.3 11-2020, BAS) was a reference electrode. All potentials were measured against the Ag/AgCl electrode.
Preparation and separation of labeled sugar
Labeled sugar was prepared by a reaction of the Schiff base between daunomycin and a sugar for 24 h at 4˚C in 0.1 mol dm -3 phosphate buffer solution (pH 8.5). The solution was spotted on a sheet of thin-layer chromatography (silica-gel alumina sheet, MERCK) and developed in 1-propanol: ammonia:water=6:2:1(v/v)%. After developing, the labeled sugar was stripped from the sheet and collected. After the reagent was dissolved in ethanol, and then the solution was centrifuged to exclude silica gel. Then, following evaporation, the residue was dissolved with ethanol. The concentration of the labeled sugar was determined on the basis of the mole absorbance efficiency of daunomycin at 490 nm (molar absorption coefficient was 10800). The prepared labeled galactose is shown in Fig. 1 . The structure of the labeled sugar was determined by 1 H NMR.
Voltammetric measurement of the interaction between lectin and labeled sugar
Labeled sugar and lectin were mixed with stirring for 1 h at room temperature in 0.1 mol dm -3 phosphate buffer (10 ml). Voltammetric measurements were performed after deaeration for 10 min with nitrogen gas. Then, a polished electrode was immersed in the solution. A potential of -1.0 V was applied to the electrode for 5 min to accumulate the labeled sugar with stirring. After a rest period of 15 s, the oxidation response of labeled sugar was recorded by scanning the potential between -1.0 and 0.0 V with differential pulse voltammetry (scan rate, 5 mV s -1 ; pulse amplitude, 50 mV; sample width, 2 ms; pulse width, 50 ms; pulse period, 200 ms). For detecting sugar, a competitive reaction between the labeled sugar and sugar was used. Sugar of various concentrations was prepared by addition to a solution containing labeled sugar and lectin. The solution was incubated for 1 h under the same conditions.
Results and Discussion

Voltammetric behavior of labeled sugar with and without SBA
Voltammograms of sugars labeled with daunomycin in 0.1 mol dm -3 phosphate buffer (pH 7.0) are shown in Fig. 2 . For labeled galactose and labeled lactose, an oxidation peak appeared at -0.60 V by scanning with differential pulse voltammetry. The oxidation peak is the reoxidation wave of the quinone portion of daunomycin (the quinone portion is reduced at -1.0 V). 18 The voltammograms of the labeled sugar are similar to that of daunomycin. Difference between daunomycin and the labeled sugar in the absorption spectrum in the range of 340 -600 mn was also not observed. Thus, the electrode reaction was not affected by labeling. After 4 × 10 -7 mol dm -3 labeled sugar and 1 µg ml -1 SBA were mixed for 1 h, the peak current of the labeled sugar decreased. When daunomycin and SBA were incubated, the peak current did not decrease. That is, it is expected that daunomycin does not have any interaction with SBA. Because daunomycin is not present in natural products, the possibility of contamination from the sample matrix is very low. In addition, sugar is conveniently labeled by the reaction between the amino group of daunomycin and the carbonyl group of sugar. Therefore, daunomycin as a label is adequate. On the other hand, voltammograms of labeled mannose that do not combine with SBA were measured. In the presence of SBA, a decrease in the peak was hardly observed, compared to the labeled sugars cited above (Fig. 3) . It might be rational to think that a decrease in the peak current is due to non-specific adsorption of SBA to the electrode.
The adsorptions of labeled sugars and daunomycin to a glassy carbon electrode were investigated. The relationships between the peak currents and the accumulation time are shown in Fig. 4 . In each solution containing 4 × 10 -7 mol dm -3 labeled sugar and daunomycin, the peak currents increased linearly with increasing accumulation time up to 5 min. Then, the currents became a constant value for over 10 min because of adsorptive saturation of the electrode surface by them. The peak current of the labeled sugar was higher than that of daunomycin. The labeled lactose strongly adsorbed to the electrode. The reason was that the molecular weight of labeled sugar compared to that of daunomycin increased. In addition, the formation of a double bond in the labeled sugar may contribute to the adsorption to the electrode. The relative standard deviation of the measurement in a solution containing 4 × 10 -7 mol dm -3 labeled galactose was 4.5% (n = 5).
Electrode response of labeled sugar on the basis of lectin-sugar binding
To confirm whether the SBA-sugar interaction was selective, the effect of the incubation time was examined. The peak currents of labeled galactose and labeled lactose decreased with increasing incubation time, and became a constant value for over 40 min (Fig. 5 ). The peak current of the labeled mannose was independent of the incubation time. Measurements to WGA, PNA and Con A not having binding sites to galactose and lactose were attempted. The influence to the peak current during the incubation time was small (not shown in the figure) .
The change in the peak current of labeled sugar to the concentration of SBA was investigated (Fig. 6) . The peak currents decreased exponentially, based on the SBA-labeled sugar binding. In the presence of 5 µg ml -1 SBA, the peak current of the labeled mannose decreased to about 90%. In this case, a decrease like that of the labeled galactose and labeled lactose was not observed. For WGA, PNA and Con A, the peak current of the labeled sugars decreased linearly with increasing concentration. It is suggested that the decrease in the peak current is related to a disturbance of the electrode reaction by the lectin and a non-specific adsorption (which is generally observed) of labeled sugar to the lectin. SBA combined with the labeled sugar, and the daunomycin part was taken to the binding sites selectively. Consequently, this method is applied to the detection of SBA and for evaluating the SBA-sugar interaction. The calibration curve of labeled galactose was linear between 0.04 and 0.8 µg ml -1 SBA. The relative standard deviation in 0.4 µg ml -1 was about 4.8% (n = 5) with a detection limit of 0.02 µg ml -1 .
The peak current obtained from 4 × 10 -7 mol dm -3 labeled galactosamine prepared in a previous study was higher than that of the 4 × 10 -7 mol dm -3 labeled galactose. 17 However, the peak current of the labeled galactosamine did not become zero when a sufficient amount of lectin was added to bind all labeled galactosamine. On the other hand, the peak current of the labeled galactose became zero in the presence of a sufficient amount of SBA. Because the spacer of the labeled galactose is shorter than that of the labeled galactosamine, a daunomycin part of the labeled galactose is easily taken to the binding sites. It is clear that the interaction between SBA and labeled sugar is effected by the spacer. The change in the current that depends on the concentration of SBA is similar to that of labeled galactosamine. The yield of labeled galactose (about 32%) was two-fold that of the labeled galactosamine (about 15%). Therefore, the labeled sugar prepared by the Schiff base is more suitable for evaluating the SBA-sugar interaction.
Estimation of the affinity constant of SBA-galactose binding
The affinity constant for SBA-galactose binding was estimated by a voltammetric procedure. The concentration ratio (Abound/free) of bound and free labeled galactose was determined from the peak current of free labeled galactose. We supposed that the labeled sugar did not show the peak current by the SBA-sugar binding.
The ratio was plotted against the concentration of the labeled galactose (bound) (Scatchard plot). As a result, a straight line (Abound/free = -3.0 × 10 4 Bbound + 9.3) was obtained. The affinity constant (3.0 × 10 4 mol dm -3 ) was similar to that estimated by Lis et al. 19 For labeled galactosamine having a longer spacer, the constant was 8.7 × 10 3 mol dm -3 , which was smaller than that of labeled galactose. Accordingly, it is suggested that the length of the spacer between daunomycin and sugar influences the binding.
Influence of interfering substances
The concentration limits at which interfering substances give a relative error below 10% in the peak current are given in Table 1 . After accumulation at -1.0 V for 5 min in a solution containing 1 µg ml -1 SBA and 4 × 10 -7 mol dm -3 labeled galactose, a measurement was carried out. Ascorbic acid, cysteine, dopamine and glutathione as an electroactive substance were tested.
For cysteine and glutathione, a concentration of 5 × 10 -4 mol dm -3 did not interfere with the peak currents (an investigation was not carried out at higher concentration). However, ascorbic acid of 3 × 10 -5 mol dm -3 and dopamine of 6 × 10 -5 mol dm -3 gave positive interference to the peak, respectively. This is because of an increase in the background current by the electrode response of ascorbic acid or dopamine. A concentration of 5 × 10 -4 mol dm -3 was permissible in alanine, arginine, glycine and histidine. Coexisting avidin and bovine serum albumin (BSA) was also investigated to examine the adsorption of protein on the electrode. BSA of 5 × 10 -8 mol dm -3 was allowed in the measurement. When the measurement was carried out in a solution containing 2 × 10 -5 mol dm -3 avidin, the peak current of labeled sugar was not interfered. Judging from these results, this method is selective to the detection of SBA.
Competitive reaction between sugar and labeled sugar to limited binding sites of SBA The detection of sugar was attempted based on a competitive reaction to limited binding sites of SBA between sugar and labeled sugar. Because free sugar occupies the binding sites of SBA, the peak current of the labeled sugar increases with increasing the concentration of the sugar. In the presence of 4 × 10 -7 mol dm -3 labeled sugar and 5 µg ml -1 SBA, the measurements were carried out over the range of 10 -10 -10 -4 mol dm -3 sugar (Fig. 7) . The peak currents were plotted by a dose curve. The relative standard deviation at 1 × 10 -7 mol dm -3 galactose was about 5.2% (n = 5). The detection level of sugar was 10 -9 mol dm -3 . 
